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Conclsions Microwave ablation has the potential to directly heat a greater volume of tissue than RF ablation but only with efficient MW antennas. The primary mechanism of tissue injury for both MW and RF ablation appears to be thermal. (Circulton. 1994; 89:2390 -2395 Key Words * radiofrequency * microwave * myocardium T he primary mechanism of tissue injury by radiofrequency ablation is presumed to be thermal. A major limitation of radiofrequency ablation is the relatively small depth of tissue injury produced by this technique. This may be attributed to the precipitous falloff of direct tissue heating (volume heating) by the radiofrequency energy as the distance from the electrode/tissue interface increases.1. Deeper tissue layers may be ablated by heat conduction from the volumeheated source, but the maximum lesion depth is limited. Radiofrequency ablation has been demonstrated to be highly successful for easily accessible and localized substrates such as accessory pathways or the atrioventricular node, but sites of arrhythmia origin that may lie deep within the myocardium, such as those resulting in reentrant ventricular tachycardias, may require an alternative energy source that heats a greater volume of myocardium.
Microwave energy has been proposed as an alternative mode of energy delivery for catheter ablation in the heart.3-6 In contrast to heating by electrical resistance as observed during radiofrequency ablation, the mechanism of heating from a high-frequency microwave energy source is dielectrics Dielectric heating occurs when electromagnetic radiation stimulates oscillation of dipoles (such as water molecules) in the surrounding medium and the electromagnetic energy is converted into kinetic energy (or heat). This mode of heating lends microwave ablation the potential for a greater depth of volume heating than radiofrequency ablation and should result in a larger lesion size. However, few data are available regarding the characteristics of microwave ablation in myocardium and the response of myocardium to microwave hyperthermic exposure. The effectiveness of microwave ablation depends on the radiating ability of the microwave antenna that directs the electric field and determines the amount transmitted into the myocardium, which is critical for heating.8 Monopolar antennas have previously been shown in hyperthermia oncology literature to radiate a significant electric field into tumors and generate heat.9 The energy deposition, while maximal at the terminal gap between the inner and outer conductor, tends to be distributed widely along the transmission line. To concentrate more of the energy distribution near the electrode tip, circularly polarized coil antennas have been developed.10 Unfortunately, the application of either one of these standard microwave antenna designs to invasive cardiac ablation has not been carefully investigated.
To define the characteristics of microwave heating in myocardial tissue, in vitro experiments were performed in isolated perfused and superfused porcine right ventricular free wall. The purposes of this study were (1) Nineteen pigs weighing 30 to 70 kg were anesthetized with intravenous ketamine/xylazine (20/2 mg/kg), and anesthesia was maintained with intravenous sodium pentobarbital (25 mg/kg). A right thoracotomy exposed the heart. After the pericardium was opened, the beating heart was grasped and quickly excised, with care taken to preserve the integrity of the aortic root. The heart was immersed and rinsed in serial baths of iced 0.9% saline at 4CC. The right coronary artery ostium was cannulated. The right atrium and ventricle were dissected free from the rest of the heart, with the portion of the aortic root preserved that contains the right coronary ostium. The cannula was sutured into place with two 2-0 silk sutures. The isolated right ventricular free wall was transferred to a Plexiglas tissue chamber warmed by a surrounding water jacket. The preparation was perfused and superfused with KrebsHenseleit buffer containing (in mmol/L) NaCl 121.5, KCl 4.7, CaCl2 2.5, MgSO4 1.17, KH2PO4 1.17, glucose 11.1, NaHCO3 0.25, NaEDTA 0.57, and ascorbic acid 0.00126 and equilibrated with 95% 02/5% C02, yielding an oxygen tension >500 mm Hg and a pH of 7.4. The perfusate and superfusate were warmed to 36.5 ±0.50C, and flow was maintained at a constant rate of 10 mL/min with a Gilson Minipuls 2 electrical roller pump. Appropriate coronary perfusion was confirmed by bolus injection of fluorescein dye under ultraviolet light. Transected arteries were ligated, and unperfused regions were resected. During the course of the experiment, tissue temperature was continuously monitored, and the viability of the preparation was intermittently tested by observation of its response to external pacing. ' 
Lesion Generation
Microwave lesions were created with either a 915-MHz microwave generator (Tex-L) or a 2450-MHz generator (EP Technologies). Because heating with current microwave ablation catheters was slow, titration of power to achieve a constant antenna/tissue interface temperature of 85°C was not possible. Therefore, microwave-transmitted power was fixed at 50 W. Use of higher power levels with the current prototype catheter designs was not possible because of breakdown of the dielectric material. The forward and reflected powers were recorded. Because the direction of microwave electric field propagation is radial, each catheter was positioned with the antenna axis parallel to the endocardium. A fulcrum balanced the weight of the antenna and ensured constant antenna/tissue contact pressure.
All radiofrequency lesions were produced with a radiofrequency lesion generator (model RFG-3AV, Radionics) transmitting 500-kHz energy to a 1.6-mm-diameter catheter electrode with a thermistor integrated into the tip (Radionics). The radiofrequency output was grounded to a metallic strip in the floor of the tissue bath. The radiofrequency catheter electrode was positioned perpendicular to the endocardium. The tip of the electrode housing the thermistor was in direct contact with the endocardial surface so as to measure electrode/tissue interface temperature. Electrode/tissue interface temperature was kept constant at 85WC by power adjustment. A balanced fulcrum maintained constant catheter/tissue contact pressure.
Antenna Designs
Two antenna designs were used in the in vitro myocardial preparation. The monopolar antenna consisted of an inner conductor of a coaxial cable that protruded one-quarter wavelength beyond the outer conductor. The helical-coil antennas were constructed with the inner conductor of the coaxial cable protruding one-quarter wavelength beyond the outer conductor, then coiling back toward the outer conductor (Fig 1) . The pitch angle of the coil was 120. The transmission line of each catheter was a coaxial cable with a characteristic impedance of 50 Q.
Temperature Recording
All in vitro tissue temperature measurements were performed with a modified Luxtron 3000-4 fluoroptic thermometry system. The temperature probes were placed in the tissue 2 mm below the endocardial surface in a line emanating from the energy source. For microwave lesions, the probes were placed perpendicular to the gap between the protrusion of the inner conductor beyond the outer conductor, which was determined with a phantom tissue model and thermographs to be the point of maximal heating. For radiofrequency lesions, the probes were placed radially from the proximal point of the electrode/tissue contact point. For data analysis purposes, temperatures were measured at five radial distances in 2.5-mm increments.
Protocols
To determine the effect of catheter design and frequency on radial temperature profiles, lesions were generated with the 915-and 2450-MHz helical-coil antennas and the 915-and 2450-MHz monopolar antennas. Radial temperature measurements were made in vitro continuously during lesion generation. Microwave energy was delivered at 50 W for 5 minutes for each lesion.
To assess the time course of microwave lesion formation, lesions were created with a 915-MHz monopolar antenna at energy delivery durations of 60, 180, 300, and 600 seconds. For comparison, radiofrequency lesions were generated with energy delivery durations of 60 and 300 seconds.
Lesion Size Determination
The histochemical stain nitro blue tetrazolium was used to determine tissue viability after lesion generation." After le-Circulation Vol 89, No 5 Discussion The present study compared the radial temperature profiles, lesion sizes, and isotherms of irreversible tissue injury produced by microwave and radiofrequency ablation. The major findings of the study were that 915-and 2450-MHz microwave antennas had similar tissue temperature profiles and produced lesion sizes that were not significantly different. Ablation with the monopolar antenna resulted in temperature profiles and lesion sizes similar to those created with the helical-coil antenna, although lesion depth was slightly greater with the latter. The time course of lesion formation with microwave ablation was significantly longer than that seen with radiofrequency ablation, and the mean isotherm of irreversible tissue injury was similar between both ablation modalities and among a variety of experimental conditions.
Comparisons of Modes of Microwave Delivery
Tissue temperature profiles produced by the 915-and 2450-MHz microwave antennas were similar in the present study, which implies that they had comparable amounts of volume heating. This was supported by the similarity between lesion width and depth between 915-and 2450-MHz antennas in the setting of similar temperatures achieved at the antenna/tissue interface. 
Mechanisms of Myocardial Tissue Injury
The isotherms of irreversible tissue injury were calculated for all antenna types and energy delivery durations. No significant difference in isotherms were observed for 500-kHz and 915-and 2450-MHz frequencies. Isotherms for microwave ablation were similar despite varying durations of energy delivery. This demonstrates that hyperthermic exposure durations of up to 10 minutes do not result in a significant increase in myocyte killing compared with shorter durations, suggesting similar mechanisms of cellular injury within the 1-to 10-minute time range. The ablative lesion isotherms were similar between the radiofrequency and microwave lesions. Since the common link between these two techniques is that they both induce tissue heating, these data imply that the dominant mechanism of tissue injury for all electromagnetic frequencies is thermal.
It has been observed that irreversible cellular electrophysiological changes including membrane depolarization and contracture develop in isolated guinea pig papillary muscles at hyperthermic temperatures above 500C.14 However, the sensitivity of tissue to hyperther- 
Clinical Implications
The lower clinical success rate of radiofrequency ablation in the treatment of ventricular tachycardia associated with coronary artery disease has been attributed to the small lesion size produced with currently available radiofrequency ablation catheters. Microwave has been proposed as an alternative energy source in catheter ablation because the potential volume heating capabilities of this technique could result in larger lesions. In addition, microwave ablation may decrease the time required for the extensive and detailed intracardiac mapping currently required with radiofrequency ablation, thus decreasing fluoroscopy and overall procedure time. This, however, would also increase the potential risk of complications from microwave ablation, because larger lesions would have a greater propensity for damage to nontargeted structures and might also generate potentially arrhythmogenic substrates. Incorporation of tissue temperature monitoring should ultimately allow for microwave energy to be delivered in a controlled fashion, with lesion size titrated to the desired effect. To successfully achieve larger lesion size with microwave catheter ablation, the efficiency of energy delivery with this technique must be improved. 
